The dentate gyrus (DG) of the hippocampus plays a key role in memory formation and it is known to be modulated by septal projections. By performing electrophysiology and optogenetics we evaluated the role of cholinergic modulation in the processing of afferent inputs in the DG. We showed that mature granule cells (GCs), but not adult-born immature neurons, have increased responses to afferent perforant path stimuli upon cholinergic modulation. This is due to a highly precise reconfiguration of inhibitory circuits, differentially affecting Parvalbumin and Somatostatin interneurons, resulting in a nicotinic-dependent feedforward perisomatic disinhibition of GCs. This circuit reorganization provides a mechanism by which mature GCs could escape the strong inhibition they receive, creating a window of opportunity for plasticity. Indeed, coincident activation of perforant path inputs with optogenetic release of Ach produced a long-term potentiated response in GCs, which could be crucial for the formation of memories.
INTRODUCTION
The dentate gyrus (DG), the main entrance of information to the hippocampus from the entorhinal cortex (EC, Andersen et al., 1971) , plays a key role in the formation of new memories and memory associations in mammals (Marr, 1971 , Burgess et al., 2002 , Leutgeb et al., 2005 . It is thought to separate the rich repertoire of inputs arriving from EC into non-overlapping sparse patterns of activity, improving discriminability and reducing interference between stored representations (Leutgeb et al., 2007 , Bakker et al., 2008 , Neunuebel and Knierim, 2014 . The sparsity in the activity of granule cells (GCs), the principal neuron type of the DG, is governed by strong local GABAergic inhibition (Nitz and McNaughton, 2004, Pernia-Andrade and . However, the mechanisms that allow GCs to surmount this basal inhibitory suppression in order to undergo the activitydependent plastic changes related to memory are still unclear. In the hippocampus, synaptic inhibition is provided by two main interneuron types, parvalbumin-expressing perisomatic-inhibiting fast-spiking interneurons (PVIs) and somatostatin-expressing dendrite-inhibiting cells (SOMIs) (Freund and Buzsaki, 1996 , Rudy et al., 2011 , Hosp et al., 2014 . PVIs provide powerful feedforward and feedback inhibition to large populations of GCs (Sambandan et al., 2010) and they are critical for the generation of gamma activity (Bartos et al., 2007 , Struber et al., 2017 . On the other hand, SOMIs (i.e. classically called hilar-perforant-path-associated interneurons-HIPPs) distribute axon fibers along the molecular layer, and are engaged by converging GC-inputs providing mostly dendritic feedback inhibition to the DG circuitry (Yuan et al., 2017) .
The GC population is heterogeneous, mostly due to the existence of adult neurogenesis in the DG (van Praag et al., 2002) . In vivo, the distribution of GC´s firing rates is typically bimodal with long periods of quiescence punctuated by high frequency activity bursts (Jung and McNaughton, 1993, Mistry et al., 2011) . Interestingly, these bursting periods when GCs are able to escape the predominant inhibition, occur frequently upon active exploration of behaviorally relevant cues (Mistry et al., 2011 , Sasaki et al., 2018 . In addition, there is evidence for subpopulations of GCs with more unimodal low frequency firing rate distributions in vivo (Mistry et al., 2011) . The electrophysiological and functional differences between populations are presumably related to maturity. Immature GCs are more excitable and less selective, responding to a wider range of frequencies and are more prone to plastic changes than mature GCs (Ge et al., 2007 , Mongiat et al., 2009 , Marín-Burgin et al., 2012 , Pardi et al., 2015 . The disparity is mostly given by a difference in perisomatic feedforward inhibition of GCs, which is underdeveloped in immature GCs (Espósito et al., 2005 , Marín-Burgin et al., 2012 . Furthermore, place fields of immature adult born neurons are known to be broad, but become sharper and more spatially tuned with maturation (Danielson et al., 2016) , suggesting that this population could process different information compared to mature cells (Marin-Burgin and Schinder, 2012 , Nakashiba et al., 2012 , Denny et al., 2014 .
Despite their sparse activation, reduced excitability and higher threshold for LTP induction, several studies have shown that mature GCs participate in the formation of memory engrams (Stone et al., 2011 , Liu et al., 2012 , Ramirez et al., 2013 , Ryan et al., 2015 , Tronel et al., 2015 . In order to be integrated into engrams, mature GCs have to overcome the strong inhibition they receive. Although some suggested cell-intrinsic properties could allow them to undergo plasticity , circuital mechanisms could also be involved. One hypothesis is that neuromodulators could adapt circuit processing to allow for plasticity (Palacios-Filardo and Mellor, 2018) . The DG receives a number of neuromodulatory inputs that are able to alter the information processing properties of specific populations of neurons (Prince et al., 2016, Palacios-Filardo and Mellor, 2018) . Among them, the cholinergic afferents, arriving primarily from the medial forebrain (Mesulam et al., 1983 , Wainer et al., 1985 , play an important role in modulating cortical circuit activity (Dannenberg et al., 2017) .
Several lines of evidence indicate a role for acetylcholine (ACh) in hippocampal-related cognitive functions, including coding of spatial location, movement speed, learning and memory (Haam and Yakel, 2017) , attention to sensory stimuli (Sarter et al., 2005 , Pinto et al., 2013 , Bloem et al., 2014 . ACh is thought to exert modulatory actions in cortical circuits both via direct synaptic contacts (Parikh et al., 2007 , Letzkus et al., 2011 and through diffusion by volume transmission (Hasselmo and McGaughy, 2004, Sarter et al., 2009 ). Microdialysis studies, which have a temporal resolution of minutes have shown an increase in tonic ACh release in the hippocampus during attention, stress, exploration, and locomotion (Pepeu and Giovannini, 2004) . On the other hand, phasic ACh release was strongly associated with reward delivery in a working memory task (Teles-Grilo Ruivo et al., 2017) . One striking cellular effect caused by increasing cholinergic activity in the hippocampus is the enhancement of the impact of feedforward afferent inputs´, while simultaneously suppressing the influence of excitatory feedback connections (Hasselmo, 2006) .
Although much is known about the role of ACh as a modulator of information flow at CA1 and CA3 hippocampal subregions, cholinergic modulation of the DG microcircuit has been less explored. Recent efforts have been made to explore how septal ACh modulates intrinsic GC firing (Pabst et al., 2016) , and its role in memory formation (Raza et al., 2017) .
However, it remains unknown whether the processing of afferent inputs in the DG microcircuit is changed upon cholinergic modulation. We provide evidence for a cholinergic dynamic reconfiguration of the DG network induced by a nicotinic dependent feedforward perisomatic disinhibition of mature GCs, which potentiates responses to afferent inputs. The results presented here shed light on the mechanisms that permit a dynamic adaptation of processing and plasticity upon modulatory states.
RESULTS

Acetylcholine differentially affects immature and mature granule cells
To examine how ACh affects processing of afferent inputs in mature and immature 4 weeks old GCs (mat-GCs and 4wpi-GCs, respectively), we performed electrophysiological loose-patch recordings in mouse hippocampal slices to obtain activation profiles of individual GCs, while electrically stimulating the medial perforant pathway (mPP, Figure   1a ). The cholinergic agonist carbamylcholine (carbachol, CBC) was bath applied to study the effect of a high acetylcholine (ACh) neuromodulatory state on the observed activation profiles. We adjusted the intensity of the stimulus delivered to mPP at the threshold of each GC, i.e. an intensity that elicited GC spiking with 50% probability. Five trains of 10 pulses were delivered to the mPP at 1, 10, 20, and 40 Hz for each cell. Adult-born GCs were labeled by injecting a retrovirus in the dorsal DG that led to the expression of RFP or GFP in dividing cells, and acute hippocampal slices were prepared 4 weeks post retroviral injection (4 wpi). As we have previously shown (Pardi et al., 2015) , the average number of spikes in response to mPP stimulation in control conditions decreases as stimulation frequency increases (Figure 1b , c), with a more drastic effect observed in mat-GCs, indicating that dentate GC have frequency filters with variable gain depending on their age (Pardi et al., 2015) . Nevertheless, CBC induced a strong enhancement of the responses at high frequencies, specifically in mat-GCs, changing the filter properties of this population of GCs. This effect was more variable in 4wpi-GCs and CBC did not significantly change the responses of 4wpi-GCs to afferent stimulation ( Figure 1c ).
As mature neurons represent more than 95% of the total population of GCs in the adult DG, we hypothesized that the effect of CBC would also impact on the collective spiking of the GC population. Because the biggest effect in individual neurons was observed upon 10 Hz stimulation of the mPP, we studied the mechanisms of action of the cholinergic modulation at this frequency. This frequency is physiologically relevant, since the DG predominantly oscillates at frequencies near 10Hz in vivo (Jung and McNaughton, 1993 , Leutgeb et al., 2007 , Neunuebel and Knierim, 2012 , and the medial septum is involved in the generation of these oscillations (Carpenter et al., 2017 , Kang et al., 2017 .
Population spike (pop spike, PS) responses were obtained by placing an extracellular electrode in the GCL of the DG, and stimulating the mPP fibers with trains of 10 pulses at 10 Hz (Figure 1d ). Consistent with loose-patch recordings, pop spike amplitude in control conditions decreased strongly along the pulses of the stimulation train, as there are less GCs that respond at the last pulses ( Figure 1d ). As expected, bath application of CBC produced an increase in the pop spike responses to afferent stimuli at 10 Hz in the GCL ( Figure 1e ). Importantly, the increase in GCs activity is transferred postsynaptically, since we observed a concomitant significant increase in the activity of CA3 ( Figure S1 ).
To better control the spatial and temporal release of ACh, we explored if endogenous release of ACh from septal axons would produce a similar increase in the activity of the DG. For this, we used the double transgenic mouse line ChAT-ChR2, which expresses the photoactivatable protein channelrhodopsin-2 in all cholinergic neurons. We obtained hippocampal slices from these animals, and elicited endogenous release of ACh from cholinergic terminals stimulating with blue light (Figure 2a ). We recorded pop spikes in response to mPP stimulation before and after the blue-light illumination protocol (5seconds trains of light pulses at 20 Hz delivered every minute, paired with electrical activation of mPP, Figure S2 ). Endogenous ACh release also augmented the pop spike responses in the DG upon 10 Hz electrical stimulation of mPP compared to the control condition before illumination ( Figure 2c ). The average gain in activation was 1.33 ± 0.06, and it was more prominent at the initial pulses (1.57 ± 0.14), but also significant for the last pulses of the train (Figure 2d ). This neuromodulatory gain, thus, allows GCs to follow a wider frequency range of afferent stimuli.
To confirm that this cholinergic modulation was due to activation of septal cholinergic terminals, we performed stereotaxic injections of an adenovirus carrying the floxed version of ChR2 (AAV9-DIO-ChR2) delivered to the medial septum of ChAT Cre mice. In slices obtained from these animals, pairing optogenetic activation of septal cholinergic terminals with afferent activation also induced an increase in the pop spike response ( Figure S3 ).
In order to verify that the modulation of mat-GCs´ activity is indeed cholinergic, we pharmacologically blocked ACh receptors with different antagonists. We used broad spectrum antagonists for both muscarinic (atropine) and nicotinic (mecamylamine) receptors. As expected for a cholinergic modulation, perfusion with ACSF containing these antagonists prevented the optogenetically induced potentiation of GC responses (Figure 2 e). Interestingly, bath application of atropine alone was insufficient to block the cholinergic neuromodulatory effects, suggesting that nicotinic receptors are primarily involved in the signaling pathway.
Activation of mPP not only generates excitation but it also recruits inhibitory circuits that regulate the activation of GCs (Marín-Burgin et al., 2012) . We hypothesized that the increase in the amplitude of the pop spike upon cholinergic activation could be generated by an increase in the excitatory inputs, a decrease in the inhibitory inputs or a change in the intrinsic properties of the neurons. To explore the underlying mechanism, we first evaluated the involvement of inhibitory circuits by pharmacologically blocking GABA A receptors with picrotoxin ( Figure 3a ). In this condition, optogenetic activation of cholinergic terminals in the DG did not induce a potentiation of the pop spike response, indicating that cholinergic neuromodulation requires intact inhibitory circuits (Figure 3b Last, to evaluate if the effect of cholinergic modulation was due to a change in the intrinsic properties of the neurons, we measured the resting membrane potential (Vm), the action potential threshold and the input resistance (IR) of neurons upon activation of cholinergic inputs. Although CBC induced a small depolarization of the neuronal membrane potential as previously reported (Muller et al., 1988) , the endogenous release of ACh did not affect Vm, the threshold or the IR of the recorded neurons (RMP -76.53 ± 2.03 vs -76.13 ± 3.37; IR 522.3 ± 58.46 vs 579.4 ± 42.59; threshold -40.2 ± 2.05 vs -42.2 ± 1.67, ns paired t-test, N=7), further suggesting that the increased responses of neurons upon cholinergic modulation is not explained by a modification of the intrinsic cell properties, but presumably due to a modulation of the inhibitory circuits.
Synaptic mechanisms underlying cholinergic modulation of granule cells
Because blocking inhibitory circuits prevents the cholinergic-induced increase in activity of GCs, we investigated the precise contribution of the evoked excitatory and inhibitory inputs to GCs at different modulatory states. We performed whole-cell voltage-clamp recordings of mat-GCs to measure excitatory and inhibitory responses elicited at 10 Hz stimulation of mPP axons in hippocampal slices from ChAT-ChR2 mice (Figure 4a ). In this configuration, we isolated inhibitory postsynaptic currents (IPSCs) or excitatory postsynaptic currents (EPSCs) by clamping the voltage of the neuron at the reversal potential of excitation (0mV) or inhibition (-60mV), respectively ( Figure 4b ). As expected, combining optogenetic release of endogenous ACh with activation of mPP induced a slow but strong, long lasting decrease in the IPSC, whereas EPSC was largely unaffected by cholinergic activation (Figure 4c Taken together, these results demonstrate that activation of cholinergic terminals in the DG selectively suppresses inhibitory inputs onto mat-GC recruited by activation of mPP.
Thus, the resulting increase in the E/I balance of these neurons can explain their stronger spiking response to afferent inputs.
Acetylcholine specifically reduces the feedforward and perisomatic components of evoked IPSCs in granule cells
Because ACh release produces a very strong effect on evoked inhibition onto mat-GCs, we further explored which specific component of this inhibition is affected. As previously mentioned, activation of mPP not only produces excitation on GCs but also activates inhibitory circuits in a feedforward manner (Marín-Burgin et al., 2012) . In addition, activation of GCs can also recruit feedback inhibition onto themselves and others, and this inhibition can influence their activity, especially during trains of stimuli (Roux and Buzsaki, 2015) . These two types of inhibition are known to exert different functions in shaping the firing patterns of principal neurons. To study the specific regulation of feedforward inhibition by ACh, we pharmacologically blocked the output of the DG GCs by bath application of DCGIV (Figure 5a ), an agonist of group II metabotropic glutamate receptors (mGluR 2/3 ) that reduces release probability in mossy fiber terminals (Kamiya et al., 1996) .
Application of DCGIV abolishes feedback inhibition, and the remaining inhibition correspons then to feedforward inhibition (IPSC-FF). In this condition, whole-cell voltageclamp experiments were performed in mat-GCs upon stimulation of mPP, before and after optogenetic release of ACh (Figure 5b ). Cholinergic modulation strongly reduced the FF component of the IPSC (Figure 5c ).
Conversely, to assess the feedback component of the IPSC, we placed the stimulating electrode directly in the GCL, electrically activating GCs that recruit feedback inhibition (IPSC-FB) onto other GCs, and thus bypassing the mPP axonal activation ( Figure 5d) .
Surprisingly, the FB component is unaffected by cholinergic modulation (Figure 5 e-f).
These results indicate that ACh can specifically decrease the feedforward inhibitory component recruited onto GCs upon mPP activation.
To further dissect the spatial contribution of inhibition that is affected by ACh, we isolated perisomatic and dendritic inhibition by placing a stimulating electrode either in the granule cell layer (GCL) or in the molecular layer, respectively ( Figure 5g ). Interestingly, we found that direct perisomatic inhibition was very strongly reduced by endogenous ACh release, while dendritic inhibition was less affected ( Figure 5h ) and thus the perisomatic/dendritic IPSC ratio was largely reduced (Figure 5i ), suggesting a spatial reorganization of inhibition.
Acetylcholine strongly reduces PVIs but not SOMIs elicited IPSCs in granule cells
The reduction of specific components of inhibition by ACh suggests that its effect might be mediated by a specific subpopulation of inhibitory interneurons. As previously mentioned, synaptic inhibition is provided by two main interneuron types in the hippocampus, PVIs and SOMIs (Freund and Buzsaki, 1996 , Rudy et al., 2011 , Yuan et al., 2017 . PVIs provide powerful feedforward and feedback inhibition to large populations of GCs in the perisomatic region (Sambandan et al., 2010) , while SOMIs are classically studied as dendritic targeting interneurons that participate more strongly in feedback inhibition, although it has been recently shown that they can be divided in functionally distinct subpopulations of SOMIs (Yuan et al., 2017) . Because PVIs but not SOMIs are the main FF inhibitory population in the DG (Hosp et al., 2014 , Savanthrapadian et al., 2014 , we hypothesized that ACh might act differentially on these two populations of interneurons.
In order to specifically assess the role of ACh in PVI-to-GC inhibition, a Cre-inducible AAV vector carrying ChR2 (AAV-DIO-ChR2) was stereotaxically injected in the DG of PV-Cre animals. We obtained hippocampal slices from these animals, in which we optogenetically activated PVI ( Figure 6a ). We delivered light trains of 10 pulses at 10 Hz (PW = 5ms), while recording the evoked IPSCs in mat-GCs using patch-clamp whole-cell recordings at the 
Acetylcholine shifts the evoked E/I balance of PVIs and SOMIs in opposite directions
Because PVIs are recruited by mPP axons to produce feedforward inhibition, we further explored how that population of neurons processed afferent inputs upon cholinergic modulation. We performed whole-cell voltage-clamp recordings of PVIs to measure excitatory and inhibitory responses elicited at 10 Hz stimulation of the mPP (Figure 7a 
High-frequency stimulation produces LTP in the DG when paired with activation of cholinergic terminals
What is the functional consequence of the observed reconfiguration of inhibition? One possibility is that by disinhibiting GCs, ACh could produce a temporal window to allow plasticity in an otherwise very sparsely active region. We tested this hypothesis by using a tetanic stimulation protocol on hippocampal slices (Figure 8a ). Importantly, this stimulation protocol is insufficient to produce LTP on mat-GCs unless inhibitory circuits are blocked (Snyder et al., 2001) . We recorded the slope of the field excitatory postsynaptic potential (fEPSP) in slices obtained from ChAT-ChR2 mice, before and after tetanic stimulation ( Figure 8b ). As previously reported, this high frequency stimulation (HFS) was insufficient to produce a potentiation of the response, consistent with the fact that the vast majority of the DG GCs are mature. Remarkably, in the same slices we were able to induce LTP if we paired tetanic stimulation with endogenous release of ACh (Figure 8c ).
These results indicate that ACh can lower LTP-induction thresholds in the DG, providing a temporal window in which incoming inputs are able to induce long term synaptic changes.
Interestingly, the same amount of activation of cholinergic terminals does not induce LTP if low-frequency stimuli are delivered to the mPP, indicating that ACh could act as a selective amplifier for high frequency inputs (Figure 8d, e ).
DISCUSSION
In the present work, we showed that endogenous ACh release into the DG produced an increased activation of mat-GCs in response to afferent stimuli, without changing the activation of immature GCs. The increased response is due to a highly precise reconfiguration of inhibitory circuits that results in a disinhibition of GCs, creating a window of opportunity for plasticity. In accordance with this, coincident activation of afferent perforant path inputs with ACh release produced a long-term-potentiated response in GCs.
The difference in the cholinergic effect on mature and immature GCs can be explained by the fact that immature neurons have underdeveloped perisomatic feedforward inhibition (Marín-Burgin et al., 2012) , which is the main target of the cholinergic effects. The cholinergic system is then able to independently modulate the input processing properties of the mat-GC population, without interfering with the parallel processing of the subpopulation of immature neurons.
Our results show a highly specific reconfiguration of inhibitory microcircuits, producing opposite effects in different subpopulations of genetically defined interneurons. We observed a nicotinic-dependent reduction of evoked feedforward inhibition in mat-GCs. In the DG, this type of inhibition is primarily carried out by PVIs (Zipp et al., 1989 , Sambandan et al., 2010 , which indeed received more inhibition under cholinergic modulation and produced less direct inhibition onto mat-GCs. Cholinergic reduction of inhibition has also been observed in CA1, where inhibition from PVIs to pyramidal neurons is reduced by ACh through nicotinic receptors (Tang et al., 2011 ), suggesting a common mechanism of cholinergic-mediated disinhibition in the hippocampus.
Previous studies have shown a strong nicotinic mediated depolarization of hilar interneurons whose dendritic trees are within the hilus (Pabst et al., 2016) . Hilar interneurons, including one subgroup of SOMI, are known to inhibit PVI (Yuan et al., 2017) , being able to mediate the observed disinhibitory effect. Upon cholinergic modulation, we found an increase in the E/I balance of hillar SOMIs in response to afferent stimulation, which supports these neurons as good candidates for mediating the disinhibitory effect on mat-GCs. In fact, optogenetic activation of a subgroup of SOMIs in CA1 subregion was shown to disinhibit Schaffer collaterals inputs to pyramidal cells and increase the magnitude of LTP in this region (Leao et al., 2012) .
The synaptic location of inhibition has important consequences for neuronal computations, since somatic inhibition modulates the gain (division effect) and dendritic inhibition have a subtractive effect (Pouille et al., 2013) . The independent modulation of perisomatic and dendritic inhibition could presumably produce very different outputs of neuronal processing. Interestingly, in vivo studies have shown that inhibition at GC somata (presumably by PVIs) is reduced during exploratory movement, when ACh levels are high, whereas inhibition in the dendrites might be increased (Paulsen and Moser, 1998) ; These apparently contradictory changes could together act as filter and amplifier, increasing the contrast between signals with different relations to ongoing behavior (Paulsen and Moser, 1998) . In this scenario, weak inputs would not be able to bypass the strong dendritic inhibition, but once they do, they are amplified by a reduced perisomatic inhibition. Our results are compatible with this model, in which we observed that the relative contribution of PVI-mediated perisomatic inhibition is reduced in comparison with dendritic inhibition, very likely carried by SOMIs. In fact, a number of studies propose a main role for ACh in increasing the signal to noise ratio (Hasselmo, 2006) .
The architecture of inhibitory subcircuits ensures richness in the possible dynamics within networks of principal neurons (Isaacson and Scanziani, 2011 , Hu et al., 2014 , Kepecs and Fishell, 2014 . Through neuromodulation, different populations of interneurons can serve to gate information flow within the DG in specific behavioral events. It has been reported that LTP is more easily induced in the DG during exploration of novel environments, where ACh levels are high (Davis et al., 2004) . Furthermore, Fos expression in the DG is greater after novel context exploration (VanElzakker et al., 2008) . In the present work, we showed that pairing brief optogenetic activation of cholinergic fibers with stimulation of afferent inputs was sufficient to produce a strong, long-lasting potentiation of the mPP-GC pathway. Because this potentiation requires more than one pulse of afferent stimulation, the cholinergic-DG system might serve to filter out temporally sparse inputs, conveying specificity and at the same time allowing high frequency inputs to produce long-term synaptic changes, thus increasing the signal to noise ratio of the circuit. This phenomenon is compatible with the phasic acetylcholine release in the hippocampus found during performance on a working memory task, where it is associated with the reward delivery, novelty, or fear (Marrosu et al., 1995 , Acquas et al., 1996 , Teles-Grilo Ruivo et al., 2017 . In addition, recent experiments using optogenetic release of ACh in the DG have shown an increase in associative fear memory in animals preexposed to a spatial context in the presence of ACh, suggesting that novelty-induced ACh release primes future contextual associations (Hersman et al., 2017) .
The present work provides a circuit mechanism by which ACh dynamically reconfigures the DG network, allowing this brain region to change its information processing properties by shifting the relative contribution of different subpopulations of interneurons. These changes favor the induction of long-term synaptic plasticity, essential for memory formation, and can serve in vivo to adapt the encoding to the behavioral and cognitive demands of different tasks. Understanding the role of cholinergic modulation of input processing in the hippocampus can have important implications for neurodegenerative diseases in which the cholinergic and consequently the memory systems are severely impaired as observed in Alzheimer´s disease (Ballinger et al., 2016) . from the Argentine Agency for the Promotion of Science and Technology (PICT2013-0182 and PICT2015-0364), ECOS 2014 to AMB and FOCEM-Mercosur (COF 03/11).
MATERIALS AND METHODS
Viral vectors preparation
A replication-deficient retroviral vector based on the Moloney murine leukemia virus was used to express RFP or GFP under a CAG promoter as previously described (Marín-Burgin et al., 2012) . Retroviral particles were assembled using three separate plasmids containing the capside (CMV-vsvg), viral proteins (CMV-gag/pol), and the transgene (CAG-RFP or CAG-GFP). Plasmids were transfected onto HEK 293T cells using deacylated polyethylenimine. Virus-containing supernatant was harvested 48 hr after transfection and concentrated by two rounds of ultracentrifugation. Virus titer was typically ∼10 5 particles/μl.
Animals and surgery for viral delivery
For the neurogenesis experiments, female C57Bl/6J mice 6-8 weeks of age were housed at 4 mice per cage, with one running wheel. Running wheel housing started 2-4 days before surgery and continued until the day of slice preparation. For surgery, mice were anesthetized (150 µg ketamine/15 µg xylazine in 10 µl saline/g), and virus (1 µl at 0.125 µl/min) was infused into the dorsal area of the right DG using sterile microcapillary calibrated pipettes and stereotaxic references (coordinates from bregma: −2 mmanteroposterior,-1.5 mm lateral, -1.9 mm ventral). Animals were killed for acute slice preparation 4 weeks after the surgery.
For optogenetic experiments with interneurons, PV Cre or SOM Cre mice 8-20 weeks of age were anesthetized (150 µg ketamine/15 µg xylazine in 10 µl saline/g), and AAV9-EF1adouble floxed-hChR2(H134R)-mCherry-WPRE-HGHpA (AAV-DIO-ChR2) virus (0.5 µl at 0.125 µl/min) was infused into the dorsal area of the right DG using sterile microcapillary calibrated pipettes and stereotaxic references (same coordinates as before). Animals were killed for acute slice preparation 2-6 weeks after the surgery.
For optogenetic activation of septal cholinergic fibers in the DG, ChAT Cre mice 8-16 weeks of age were anesthetized (150 µg ketamine/15 µg xylazine in 10 µl saline/g), and AAV-DIO-ChR2 virus (1 µl at 0.125 µl/min) was infused into the medial septum using sterile microcapillary calibrated pipettes and stereotaxic references (coordinates from bregma: 0.9 mm anteroposterior, 0.0 mm lateral, -3.6 mm ventral). Animals were killed for acute slice preparation 2-6 weeks after the surgery. µM, Sigma Aldrich), were used, they were perfused into the bath solution.
Extracellular recordings
A field-recording microelectrode was placed on the granule cell layer (GCL) or molecular layer (ML) to record the pop spike or the fEPSP, respectively, in response to the mPP stimulation. The input strength was adjusted to elicit pop spike responses between 0.5 and 2 mV or fEPSP responses between -0.15 and -0.6 mV/ms, within the linear part of the dynamic range of responses. For a given input strength within a slice, the number of mPP axons stimulated in control conditions or after neuromodulatory manipulations were the same. 
Electrophysiological single cell recordings
Evoked postsynaptic currents and conductance
Evoked monosynaptic excitatory postsynaptic currents (EPSC) and inhibitory postsynaptic currents (IPSC) were recorded after stimulation. EPSCs were isolated by voltage clamping GC, PVI or SOMI at the reversal potential of the IPSC measured for each individual neuron (∼60 mV). In turn, IPSCs were recorded at the reversal potential of the EPSC (∼0 mV).
When present, direct monosynaptic IPSC elicited in presence of kynurenic acid (KYN, Sigma Aldrich) was subtracted from the total IPSC. Synaptic excitatory and inhibitory conductances were computed as the EPSC or IPSC divided by the driving force at which the synaptic currents were recorded.
Measurement of feedforward and feedback inhibition
To dissect feedforward component of the inhibitory response, the stimulating electrode was placed on the mPP, while mossy fiber synapses were blocked with DCGIV (1 μM, Tocris) (Kamiya et al., 1996) . In this condition, the remaining feedforward current was measured, before and after the optogenetic stimulating protocol, always in presence of DCGIV. In order to isolate the feedback component of the inhibitory response, the stimulating electrode was placed directly on the GCL. When present, direct monosynaptic IPSC recorded in KYN was subtracted from the IPSC.
Characterization of direct perisomatic and dendritic inhibition
To dissect dendritic component of the inhibitory response, stimulating electrodes were placed in the granule cell layer (GCL) and the molecular layer (ML) to activate monosynaptic perisomatic or dendritic inhibition. Experiments were performed in the presence of 6 mM kynurenic acid (Kyn) to block glutamatergic transmission. IPSCs were subsequently measured in whole-cell recordings from individual cells. In this conditions, perisomatic IPSCs display a reversal potential of ~0 mV due to the recording conditions under symmetrical Cl -, while dendritic IPSCs display a positive driving force at that potential. were delivered every minute. The intensity of the light was adjusted in order to have a non-saturating evoked IPSC.
Optogenetics
Statistical analysis
Unless otherwise specified, data are presented as mean ± SEM. Normality was assessed 
